• In several investigations in the past, Wetterer and Pieper connected a sinusoidal piston pump to the arterial system of intact anesthetized dogs in order to produce slow oscillations of the mean arterial pressure upon which the arterial pressure pulsation was superimposed. Simultaneous measurements of various parameters permitted the calculation of the elasticity coefficient of the arterial reservoir, 1 the calculation of the total peripheral runoff: as a function of the arterial pressure,-and the determination of the relationship of pressure to flow in various parts of the arterial system. 3 In similar studies over the last two years, we have noted that at a given diastolic aortic pressure the systolic pressure rise A P was of equal magnitude, irrespective of whether the sinusoidal pump was simultaneously injecting or withdrawing. The implications of this observation can best be explained in comparison with the behavior of a physical model.
The physical model consists of a pump which, as a "heart," injects rhythmically a given stroke volume into an elastic balloon which represents the arterial reservoir. Outflow from this balloon is provided by a "peripheral resistance." When, at a certain mean pressure, P,,,, outflow equals inflow, a steady state situation is established. A piston pump with a sinusoidal piston movement may be connected to the balloon and when in operation causes slow oscillations of the mean pressure, P,,,, by alternatingly Avithdrawing and rpinjecting a certain volume. Figure 1 shows an actual recording of the pressure obtained during the operation of the pump in such a physical model as recorded with an electric pressure transducer. 4 The slow oscillation of the mean pressure, P m , with the superimposed pulsations due to the pulsatile injections by the heart, is apparent.* At any given pressure, P m , the pressure pulse, A P, is larger during the phase of injection of the sinusoidal pump (pulse A) than during its phase of withdrawal (pulse B) which one would expect. The total systolic input into this system which causes the pressure elevation, A P, is, in pulse A, stroke volume plus the amount injected by the sinusoidal pump during systole A; in pulse B, it is stroke volume minus the amount withdrawn during systole B. Therefore, the smaller total input during systole B will lead to a smaller pressure rise, A P, in pulse B. When pulses A and B have been selected at equal mean pressures, P m , the peripheral outflow in either systole must be equal and may be disregarded.
If a similar recording is taken from the arterial system of a dog, where the elastic reservoir consisting of the aorta and large arteries takes the place of the balloon, one can see that A P of pulse A is equal to A P of pulse B. It is obvious that a mechanism exists in the intact animal which compensates for the arterial volume changes produced by the sinusoidal pump. The nature of the mechanism which accounts for the difference in behavior between the animal and the physical model should be of considerable interest. B of the volume elasticity of the arterial reservoir is applied, where = dP ^P dV -
dV -A V '
(1) then APsE-AV, where A V = total systolic increase in volume of the arterial reservoir. The instantaneous adaptation of either the coefficient B of the arterial reservoir or of the total systolic inflow, A V, would be the only means by which this mechanism could operate.
Since the total systolic inflow A V is
where V st = stroke volume, V p = volume injected ( + ) or withdrawn ( -) by the sinusoidal pump during the period of systole, and V R = peripheral runoff during systole, the possibility of an instantaneous adaptation of the stroke output of the heart V st arises.
The investigations which are described below have, therefore, been directed towards the response of the heart to sinusoidal volume changes in the arterial system on which preliminary results have already been published. 0 Since this time, additional experiments have been performed which confirm these first results. The purpose of this paper is a more detailed report of our findings and a discussion of their physiological implications.
Methods
Forty-two large mongrel dogs, in the range from 18 to 24 Kg., were anesthetized with 30 mg. of pentobarbital per kilogram. A catheter tip manometer with a natural frequency of 500 cycles per second (c.p.s.) 4 was placed into the thoracic aorta, via one femoral artery. Both common carotid arteries were exposed and a catheter tip flowmeter with a natural frequency of 450 c.p.s." was introduced into the loft carotid artery and placed into the ascending aorta near the aortic valves. The linearity of the frequency response of this flowmeter and the linear proportionality between its electric signal and flow velocity was established prior to each experiment bv menus of a sinusoidal pump with a maximal frequency of 50 c.p.s.; this procedure has been described elsewhere. The aortic flow recorded by this flowmeter represents a pulse-by-rjulsp measurement of the cardiac output disregarding coronarv flow. A calibration of the flowmeter was established in situ in the experimental animnl bv making simultaneous dyedil'ition determinations" dim'-ion stoadv-stato situation. The zero flow was obfniuod bv stimulation of the left vnsrns nerve. i"V>i"li resulted in cardiac arrest and a cessation of flow in the nscencIinGr aorta, of several seconds duration. Tm'ection of heparin was necessary to avoid plotting of blood within the flowmeter tip and careful inspections of the flowmetor after each experiment showed that n dosage of 5 m" /Kg. of hpparin would eompletolv prevent elottinc. Tn addition, all parts of the flowmeter wore coated with silicone.
A spcond catheter tip manometer with a doublp lumen was placed into thp risrht atrium or superior vena cava via the left jusrular vein. Thp second lumen was used for the inioction of various drucs ;i'id of Bromsulphalein CBSP) for the determination of cardiac output by the dye-dilution technique.
A piston pump with a nenrlv sinusoidal piston movement was connected to the abdominal aorta via one femoral artery, using a short polyethylene tube of 3.2 mm. internal diameter. The pump was operated by a motor diive with continuously variable speed.* Pump frequencies uspd during the experiments were in the ranw of 0.2 to 0.25 c.p.s., with volume displacements of the pump varying from 50 to 80 cc. The piston movement was continuously recorded bv means of a linear differential transformer and, from this, the volume injected into or withdrawn from the arterial system could be determined for any period of the cycle. The pump was filled initially with saline solution which, after several cycles, became replaced by the animal's blood. The operation of the pump caused slow oscillations of the mean arterial pressure by the alternate withdrawal and reinjection of blood. Figure 2 shows a. typical recording of two complete pump cycles. One sees that the rise of the mean aortic pressure during *Type Zeronwx, 1/3 horse power. the injection phase of the pump is accompanied by a fall in the cardiac output. During the withdrawal phase of the pump, the mean aortic pressure and the cardiac output return stepwise to the original level. The sinusoidal pump is an excellent means of producing variations in the arterial pressure. Pressure oscillations of a frequency within the range used in the author's experiments allow the ' arterial system to be treated as a lump system, as has been demonstrated previously by simultaneous pulse recordings from different parts of the arterial system which showed that such pressure oscillations are propagated throughout the whole arterial reservoir synchronously without m e a s urabl e phase shift.' Unlike any other procedure, e.g., the injection of pressor drugs which cause a multitude of uncontrolled effects, the pressure oscillations resulting from the action of the pump do not lead to reflex changes within the cardiovascular system. This is indicated in the author's experiments by the constancy of the heart rate and the unaltered cardiac output (volume per minute) ( fig. 2 ) and also by the fact that the arterial pressure returns immediately to the level which existed before operation of the pump, whenever the pump is halted. This is further supported by the observations of Guyton et al. who have demonstrated that pressure oscillations faster than 0.05 c.p.s. do not evoke pressor reflexes. AVe found that pump frequencies slower than 0 14 c p.s. often caused alternating changes in heart rate synchronous with the pump frequency, which indicated the beginning of reflex activity. Fn order to avoid this effect, no frequencies slower than 0.2 c.p.s. have been used in the experiments in this laboratory.
Results
In figure 3 , the presystolic pressures, P 1; have been plotted, pulse by pulse, against the respective systolic peak pressures, P 2 , as re-corded during two continuous pump cycles. The systolic peak pressure appears to be a linear function of the presystolic pressure, Pi, and all such values fall close to this line, no matter whether they were recorded during the phase of injection or withdrawal of the sinusoidal pump. This phenomenon Avas present in all recordings. The Pa values deviated from the curve only during the intermittent and Avidely spaced respiratory phases of the animal. The function can be expressed as
where B and C are constants. From this relationship, the arterial pressure pulse can be derived as A P = P 2 -Pi = Pi (B -1) + C. (4) In other words, the magnitude of the aortic pressure pulse, A P, during the sinusoidal pressure oscillations, is a linear function of the presystolic pressure, P a . Neither the slope B of the curve nor the constant C A'aried if the pump freqixency was altered Avithin the limits stated above. Pressure pulses during the respiratory phases haA' e not been used in these calculations, since respiration had an immediate effect on the relationship between P 3 and P 2 . Respiration is readily apparent in the recordings as a decline in the pressure in the right atrium.
We will now consider the recordings of cardiac output in which a correlation between the aortic pressure and the magnitude of the stroke output is apparent. We believe the correlation can be explained on a mechanical figure 4 , the values for stroke output have been plotted against mean systolic pressures which were obtained by planimetry of the systolic part of the aortic pressure curve and subsequent division of this area by the included segment of the baseline. Figure 4 (left) shows the plotted values as obtained from the recording of figure 2, and demonstrates that during the phase of rising pressure, cardiac output V st declines, beat by beat, while it increases during the phase of falling pressure. In addition, at any given pressure, cardiac output is smaller during the phase of rising pressure than it is during the phase of falling pressure; this gives rise to a loop.
The primary purpose in this experiment was to determine whether a mechanism exists by which cardiac output compensates quantitatively for the arterial volume changes caused by the sinusoidal pump. The question was whether, for any given pressure, the total systolic increase in volume A V is the same regardless of whether the pump is injecting (+ V p ) or withdrawing (-V,,) (equation 2). For this reason, V p was calculated for each systole from the recording of the piston movement and this value was added to, or subtracted from, the respective stroke volume. The results of this calculation are shown in figure 4 (right) , where the length of the arrow represents V,, for each systole. It is apparent that the total systolic input, V Bt + V p , is constant for any given pressure. The deviation noted at high pressure (points 1, 8, 9, 10, 18) has a logical explanation which will be discussed below. The graph demonstrates a difference between the physical model and the arterial system of the intact dog, to be explained on the basis of a compensating mechanism which instantaneously adapts cardiac output to the volume changes caused by the sinusoidal pump.
Discussion
The response of the circulatory system to the operation of the sinusoidal pump has been uniform in all experiments. The observations of the aortic pressure indicate that the physical model does not describe the behavior of the circulatory system of the intact animal. In the animal, the magnitude of the pressure pulse seems to be predetermined, and the heart adjusts its stroke output in such a way that this magnitude of the pressure pulse is obtained, while in the model the stroke output of the heart is constant. We can assume that the heart is physiologically unaware of the existence of the pump and that the sinusoidal volume changes affect the heart as transient changes of peripheral outflow. The experiments, consequently, demonstrate that the stroke output of the heart adjusts instantaneously to the magnitude of the peripheral runoff. Such changes in the stroke volume occur without noticeable variation in the arterial pressure pulse, which indicates that the pressure pulse in our experiments could not be used for the calculation of cardiac output, as has been attempted in the past. 10 
(Left) Correlation between mean systolic pressure (P m ) and stroke volume (V sl ) during two consecutive pump cycles. Values obtained from recording of figure 2. (Right) Correlation between mean systolic pressure (P m ) and total systolic input (V it ) and (V p ). Length of arroiv = volume K p injected t or withdrawn I by sinusoidal pump during the respective systoles. Values of (V sl ) and (P m ) same as in figure 4 (left).
Equation 4 demonstrates that the arterial pressure pulse can be expressed as a function of the presystolio pressure, P,, and since B is generally smaller than 1.0, A P becomes smaller with rising P,. The value of B shows surprisingly little variation during manipulation; however C, which is the pressure pulse at a hypothetical P v of zero, is greatly altered under a variety of circumstances, e.g., the effect of epinephriue, etc. A relationship between heart rate and the value of C might be anticipated, but has not as yet been investigated.
The instantaneous response of the heart to the arterial volume changes suggests a mechanical relationship between the filling of the arterial reservoir and the cardiac output. Autoregulation, as described by Sarnoff et al., l(I causing changes in the contractility of the myocardium, might be considered. However, such autoregulation takes place rather slowly and requires several beats to be established, while the heart in our experiments responds immediately. This is particularly noticeable at the onset of the pump operation.
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Reflex control can hardly serve as a possible explanation of the observed mechanism. It .seems unlikely that the receptor of a hypothetical reflex arch would possess the means to predict the volume which the pump is going to contribute to the arterial filling, either at the onset of systole or at any instant during systole. Such a reflex mechanism would, therefore, have to be truly instantaneous. Prolonged cooling of both vagosympathetic trunks in the neck was performed in two experiments and did not affect the compensating mechanism. This indicates that the vagosympathetie trunks do not serve as pathways for a possible reflex, and further supports the conclusion that the compensating mechanism is based on a mechanical correlation, such as Starling's Law of the Heart. 17 In order to investigate the possibility of an explanation of the observations on the basis of Starling's Law, measurements of the left ventricular pressure have been made many times by placing a catheter tip manometer into the left ventricle. It was demonstrated that the left ventricular diastolic pressure shows no fluctuations during the operation of the pump other than those caused by respiration ( fig. 5A ), which is further confirmed by measurements with even higher sensitivity ( fig. 5B ). For comparison, figure 5C shows the left ventricular diastolic pressure after the pump had been halted, demonstrating the persistent respiratory changes. Prom this, one must conclude that the diastolic volume stays remarkably constant during the oscillations of the pump.* It must therefore be derived *Experiments are presently under way using x-ray cinematography in order to confirm the constancy of the end-diastolic volume during pressure oscillation by a different method. from Starling's Law that the heart performs a constant amount of external work during the induced pressure oscillations. This conclusion finds support by further analysis of figure 4 (right) . The curve in this figure shows the total systolic filling of the arterial reservoir as a function of mean systolic pressure. The systolic pump volume, V p , may be either plus or minus, but in either case it leads to quantitative compensating changes of the stroke volume, V Bt . "We may conclude that the curve in figure 4 (right) holds true also under the condition that V,, is zero, which means that if no contribution is made from the outside, all of the filling of the arterial reservoir is done by the heart; all of the respective values for V 8l will then be on the curve (points 5, 14) . Unfortunately, this experimental condition cannot be established unless a pump be devised which operates only during the diastolic phase of the cardiac cycle; otherwise pressure oscillation would not occur and observations leading to the curve would be impossible.
The product of volume and pressure has the dimension of work, and for V,, = zero, figure 4 (right) describes, in addition, the "external work" of the heart as a function of mean systolic pressure. This curve is a hyperbola of the general form (V 8t i V p ) • (P m -D) = constant, (5) where D is the pressure which the left branch of the hyperbola asymptotically approaches. This indicates that for V,, = zero, the work output of the heart is, in part, a constant V 8t * (P m -D) and, in part, a variable Vet * D-The pressure D, though generally in the range from 80 to 120 X 10 3 dynes/cm. 2 , may be an equivalent to Burton's "critical closing pressure." 18 Several other observations point in this direction, e.g., vagal stimulation, which was performed relatively often in order to establish zero flow in the ascending aorta, caused the usual prolonged decline of the aortic pressure. The aortic pressure approached asymptotically, within six to seven seconds, a final value close to the magnitude of D. During these same experiments, it was Circulation Research, Volume X, March 196S demonstrated by means of carotid occlusion that the carotid sinus reflex had a "latent period" of seven seconds, which suggests that the pressure decline during vagal stimulation depicts the undisturbed emptying characteristics of the arterial reservoir. If, even after six to seven seconds, the peripheral resistance were to increase as a result of the carotid sinus reflex, it would have little effect on the pressure decline, since, after this time interval, the peripheral runoff would already be greatly diminished. Statistical evaluation will be necessary to confirm that the near equality of D and the pressure at the end of the pressure decline is more than coincidental. Pieper and Wetterer determined the dynamic pressure-flow-relationship in various parts of the arterial system of intact anesthetized dogs, which always intercepted the pressure axis at relatively high pressure values; these pressure values were within the same range as D.
The "external work" of the heart is, actually, its work on the elastic structures of the arterial reservoir, which then in turn unload their imparted energy. If a critical closing pressure, D, exists in the arterial system, D should be the zero point for the calculation of the work which the elastic reservoir performs in discharging its contents. Only the energy which the elastic reservoir spends in performing the work V st • (P m -D) would have to be restored by the external work of the heart. The hyperbola ( fig. 4 right) thus suggests that, with a constant tone of its normal and undisturbed innervation, the heart produces a constant amount, of external work during pressure oscillation, as has already been derived from the measurements of left ventricular diastolic pressure. Our experiments seem to confirm the validity of Starling's Law of the Heart for the intact anesthetized dog.
The assumption of a constant output of external work during pressure oscillation offers also an explanation of the observed compensating mechanism. If the heart ejected its stroke volume, V st , into an elastic reservoir (as described in the introduction but without Explanation of the compensating mechanism on the basis of a constant output of external work. outflow) the pressure within the reservoir would rise from P t to P 2 (fig. 6 ), and the enclosed area, Pj P 2 N, would describe the external work of the heart. If, during the same systole, the sinusoidal pump withdrew a volume -V p , the pressure at the end of systole rise only to M and the work done by the heart would thus be reduced to the area Pi M Q.* Obviously the heart would have to eject an additional volume equal to V p in order to perform a constant amount of external work equal to Pi P 2 N, thus quantitatively compensating for the action of the pump. The situation during the phase of infusion of the pump can be described similarly.
In our recordings, we noted cyclic changes of the duration of systole during the pump oscillation, the heart rate remaining constant. If the duration of systole, S, be multiplied by *The example has to be treated as if the heart by its own force had ejected only a stroke volume of the magnitude (V,t-V p ), since it makes theoretically no difference whether the pump withdraws the volume-Vp from the reservoir or directly from the ventricle because reservoir and ventricle constitute a single chamber during systole. Relationship between stroke volume (V sl ) and p-X S. (S) -duration of systole.
the ratio Pj/Pi, an unlinear proportionality between stroke volume, V st , and the product, P2/P1 ' S, is obtained which is not affected by the phase of the pump operation ( fig. 7) . This relationship indicates that, everything else kept constant, it takes the heart longer to eject a larger stroke volume than a smaller one, which incidentally makes it appear unlikely that changes in the contractile force of the heart on the basis of autoregulation occur during: the induced pressure oscillations.
The constancy of the left ventricular enddiastolic volume, as indicated by our pressure measurements, poses certain difficulties for the understanding. The right atrial pressure ( fig. 2) , even when measured with high sensitivity, as well as the end-diastolic and systolic pressures in the right ventricle which have been measured in several experiments by means of a catheter tip mauometer, do not display any effect of the sinusoidal pressure oscillations in the systemic arteries. From this it is apparent that the right ventricular stroke output does not oscillate during the operation of the pump, which should result in a constant rate of the return of blood from the right to the left ventricle.
Since, at the same time, the left ventricular stroke output shows cyclic variations, the volume of blood remaining within the left ventricle would alternatingly have to increase aud decrease with consequent changes of the diastolic ventricular volume. The computed changes in left ventricular diastolic A'oluine from figure 4 would amount to approximately 25 cm. 3 during a pump cycle and might be expected to result in corresponding changes of the left ventricular end-diastolic pressure of at least 10 to 15 mm. Hg."' Since such oscillations of the end-diastolic pressure have not been observed, one must conclude that the expected volume fluctuations do not take place within the left ventricle, but rather within the pulmonary circulatory system. It appears as if the left ventricular diastolic filling replaces only the volume which had been ejected during the preceding stroke. It is difficult to explain such a behavior with the help of the Starling concept.
It has been shown by the work of Wagner and Kapal, 20 and by Kapal, 21 that the arterial wall tension shows hysteresis if arterial segments are subjected to cyclic stretching at, various frequencies. At any given amplitude of stretch, the width of the hysteresis loop is a function of frequency which increases with frequency and is still noticeable at even 0.0003 c.p.s. Thus, one must conclude that the vascular cross-sectional areas which determine the peripheral resistance not only oscillate during the sinusoidal pressure oscillations, but also show hysteresis and the peripheral runoff, V R , will be larger during the phase of falling pressure than during the phase of rising pressure. This variation of VR will be particularly noticeable at higher pressure. The deviation in cardiac output values seen during the phase of falling pressure ( fig. 4 , right, points 1, 8, 9, 10, 18) , which occurs only at the high pressure end of the cycle, is probably caused by variations in VH Circulation Research, Volume X, March 1962 doe to hysteresis. Since the P2/P1 relationship ( fig. 3) does not show any similar deviation or loop formation at high pressure, the cardiac output obviously compensates for variations in V, t in the same manner as it compensates for the volume fluctuations caused by the pump.
Summary
The arterial system of intact anesthetized dogs and a physical model, which consisted of a "heart," an elastic "arterial" reservoir, and a "peripheral resistance," have both been studied in comparison. In both systems, the volume contained in the arterial reservoir was rhythmically altered by means of a slow sinusoidal piston pump which resulted in slow oscillations of the mean arterial pressure with the ai'terial pressure pulsations superimposed.
It Avas found that in the physical model, the systolic pressure pulse was larger during the phase of rising pressure (increasing volume) than during the phase of falling pressure (decreasing volume), while in the animal the systolic pressure pulses were equal in cither phase. The aortic pressure pulse of the animal was a linear function of the presystolic aortic pressure during pressure oscillation and independent of the induced volume alteration.
Recordings of the stroke output of the heart revealed that the heart of the animal adjusted its output in such a manner that the induced systolic changes of the arterial contents were quantitatively compensated. The mechanism by which this is accomplished is of particular interest, since it would also enable the heart to compensate instantaneously for physiological alterations of the volume in the arterial system as caused by changes in peripheral runoff. This mechanism of instantaneous adjustment of the stroke output can be explained on the basis of Starling's Law of the Heart if the procedure of the calculation of the external work is modified.
